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HOW BIG A KICK SHOULD A 

HEALTHY GRASSHOPPER HAVE?  
 

David Heskin. June 2011 

 

INTRODUCTION  
 

A previous article, ‘How Many Teeth Should a Healthy Grasshopper Have?’ (HSN, March 2011’, 

http://www.hsn161.com/HSN/Heskin.php), related to the geometry of John Harrison’s single pivot 

grasshopper escapement. That article will be referred to as ‘HMT’. 

 

This article will describe the impulse characteristics of the escapement and their contribution to 

Harrison’s principles of precision timekeeping.   

 

ADDITIONAL GUIDANCE – CSM and PHSPGE 
 

‘Concerning Such Mechanism’ (‘CSM’), Harrison’s 1775 manuscript, is currently available from the 

NAWCC Horological Science website: http://www.hsn161.com/HSN/CSM_Zwygart.pdf provides a 

facsimile, with thanks to Mr Anthony Zwygart and Mr Bob Holmström. 

 

‘Perfecting the Harrison Single Pivot Grasshopper Escapement’ (‘PHSPGE’) is a description of the 

Harrison single pivot grasshopper escapement, including a mathematical design tool for the creation 

of functioning geometries. It is currently available at: http://www.hsn161.com/HSN/Heskin.pdf 

 

ASSUMPTIONS 
 

As was stated in HMT, there will be an assumption of constant impulse forces along either pallet arm. 

Thereby, the mean torque arm ratio is equal to the mean torque ratio. PHSPGE describes the method 

of incorporation, should that be required. 

 

STIPULATIONS FOR CSM COMPLIANCE 
 

 A four-minute (120 tooth) escape wheel must be used in combination with a seconds beating 

pendulum. 

 

 The mean torque arm must be 1% of the length of a seconds beating simple pendulum for the 

intended location (therefore 9.94156 mm, for London). 

 

 The mean torque ratio during one complete (two seconds) cycle must be two to three (0.666’). In 

fact, Harrison stated ‘about as two’ to three, although there can only be one sensible 

interpretation: precisely two to three (see this article and PHSPGE for details). 

 

All but the first stipulation, which is self explanatory, will be explained in detail. 

 

http://www.hsn161.com/HSN/Heskin.php
http://www.hsn161.com/HSN/CSM_Zwygart.pdf
http://www.hsn161.com/HSN/Heskin.pdf
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MEAN TORQUE ARM 
 

If LZ and MZ are the entry pallet torque arms at the start and end of impulse respectively and FZ and 

GZ are the exit pallet torque arms at the start and end of impulse respectively: 

   

 

 

Mean torque arm is, therefore, a fundamental characteristic of grasshopper escapement impulse 

delivery, being the mean distance from the escapement frame arbor axis at which impulse is applied 

to the pendulum. 

 

In CSM Harrison writes: ‘…the Length of the Pendulum, as with respect to the Distance from its 

Center of Motion, to where the Force of the Wheel is applied, is about in Proportion as 100 to 1…’  

 

An interpretation of Harrison’s statement will be offered in three parts: 

 

(1) - ‘…the Force of the Wheel…’ refers to the force from the escape wheel, applied to a pallet nib 

locking corner by an escape wheel tooth tip and transmitted along the pallet arm to the single, shared 

pallets pivot. 

 

(2) - ‘…about in proportion as 100 to 1…’ avoids the application of impulse too far from the 

pendulum centre of motion. Harrison specifically criticises George Graham’s considerably deficient 

proportion of 14½ to 1 (effectively reduced even further to 7¼ to 1 by other poor features). Put 

simply, the closer to the centre of motion impulse is applied, the greater that impulse must be in order 

to maintain a given pendulum motion. Thereby, the less will be the effect, in proportion, of any given 

magnitude of unwelcome variable influence. It is arguable that, in terms of regulator performance and 

optimisation, the proportion is not critical, although precise incorporation is quite straightforward.  

  

(3) - ‘…the Length of the Pendulum…’ is ambiguous. One possibility is that Harrison is referring to 

the length of an idealised, seconds beating, simple pendulum. For a given location, idealised 

pendulums are of a standard length (e.g. 994.156 mm at mean sea level, London). Harrison is clearly 

aware of the concept, for in CSM he refers to ‘mathematical’ lengths and periods. Another possibility 

is that Harrison is referring to the overall physical length of the particular pendulum fitted to the 

regulator in question. Since the overall length of a physical pendulum depends upon its type, design, 

materials and construction, it is impossible to define a standard length. 

For the intended purposes it is obvious that the length of an idealised seconds beating pendulum is 

the more sensible interpretation, because it defines a single, consistent grasshopper escapement mean 

torque arm, for a given location. Common sense is further satisfied, in that all grasshopper 

escapements designed and constructed for use with pendulums with equal periods will be identical, 

for a given location. Common sense would be less well satisfied (if at all) if overall physical 

pendulum length was the basis, because every escapement would have a different mean torque arm 

(except for chance coincidences) and, therefore, incorporate geometries and components to differing 

scales, despite them all maintaining the same motion of pendulums with identical periods. 

 

For the purposes of CSM compliance, HMT, useful future analyses and the creation of consistent 

escapement geometries, a mean torque arm 1/100
th

 (1%) of the length of a seconds beating simple 

pendulum for the intended location (therefore 9.94156 mm, for London) is considered to be the more 

sensible choice. The mathematical design tool provided in PHSPGE will, by intention, incorporate 

any desired alternative, should that be considered necessary, for any reason. 

Mean torque arm, M = (LZ+MZ+FZ+GZ) / 4 
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CSM EXTRACTS 
 

In preparation for subsequent observations, this section, intended to be an easy reference, presents 

selected extracts from Harrison’s 1775 manuscript, CSM. Unfortunately, his original text is, rightly 

or wrongly, widely regarded as prohibitively difficult. In an effort to assist, the extracts herein are 

‘translations’, intended to be more readily understood, but with no deliberate technical inputs or 

interpretations, unless stated. Parentheses [thus] offer additional guidance (i.e. are not by Harrison). 

There has been some separation and rearrangement of text, in order to improve the flow of logic, 

paragraphs have been constructed from an original manuscript almost bereft of such and literary 

elegance has been sacrificed to faithful translation. The original text should, obviously, be considered 

the work of reference. 

 

Firstly, however, a frank general appraisal of CSM will be of value, if only to serve as a warning. 

From lengthy association with the text, it becomes, above all else, painfully apparent that Harrison 

often failed to present complete arguments or explanations. In fact, more than once he stated, without 

any hint of apology, that his description was, entirely by intention, incomplete, sometimes dismissing 

the task as ‘too tedious’. As a perfect example, he elected to withhold an invaluable drawing and 

associated explanation of his grasshopper escapement geometry, thereby consciously exposing that 

most significant aspect of his science to potentially permanent oblivion. Astonishingly, he informs 

the reader of this change of mind (for he had promised the incorporation of the drawing and 

explanation earlier in CSM) in an announcement that the omission is his response to ‘too backward’ a 

reward for his longitude efforts. It is obvious, from that example alone (and, be assured, there are 

more), that the man creating the original manuscript was bitter and resentful to the extent that he 

consciously sabotaged his own record of his life’s work. His anger is perfectly understandable, but he 

might have directed it squarely at the culprits, rather than himself or his readership. 

 

We should, of course, simply be grateful that Harrison took some pains to record anything. However, 

had he produced a more technically comprehensive and complete manuscript, with enlightenment of 

his readership as a primary objective, Harrison’s precision longcase timekeepers might now be as 

common as the Graham deadbeat regulators he so frequently and justifiably criticised. As it was, 

CSM and the indisputably superior Harrison regulator system have been almost entirely ignored and 

Harrison’s final, incomplete regulator was the only physical embodiment of his most refined 

principles of land-based precision timekeeping until the late twentieth century, at which time a only a 

few creations incorporated correct interpretations of his science.     

 

The deficiencies of CSM described above are probably responsible for a great deal of the 

controversy, misunderstanding and argument that have plagued and hindered the best efforts of 

Harrison enthusiasts, who wish for nothing more than to thoroughly understand, clearly communicate 

and actively promote his beautiful science. 

 

 ■ [Beginning of translated CSM extracts:]  

 

Accepting that large pendulum amplitudes are necessary, it remains to be understood that a 

pendulum cannot truly or strictly regulate a clock with continuous perfection
[A]

 unless, first of all, the 

force from the escape wheel
[B]

 is exactly the same
[C]

 as that required to generate exactly the same 

period
[D] [E] 6 

as the pendulum
[F]

 would have if free
[G]

 and in a vacuum. From due contemplation and 

experience, I have perfected this. The force from the escape wheel is so distributed that, should it 

vary, or should the air resistance vary, or should both vary at the same time (see the note)
7
, the above 

condition will be met. This assumes that the pendulum will be rather shorter when warm than when 
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cold. A degree of perfection is achieved by means of ‘something at the top’ [pendulum suspension 

cheeks] (although not Mr Huygens’ cycloid, for that would be unsuitable
8
), so as not to gain or lose 

as much as one second in a month
9
. 

 
[A] 

nor could anything (or anything in lieu of what is) called a cycloid; 
[B] 

maintaining pendulum 

motion against air resistance; 
[C] 

or the same [equivalent] taken overall; 
[D] 

taken over two successive 

swings, in order to account for the operation of the escapement [asymmetrical impulse]; 
[E] 

as nearly 

as possible; 
[F] 

of the same ‘mathematical length’ [same period]; 
[G] 

without any force from the wheels 

of a clock. 

 

[Related footnotes 
6, 7, 8, 9

 are as follows:] 

 
6
 Note that, as just hinted, the actions of each escapement pallet upon the pendulum are not equal. 

That is not easily perceived by looking at the clock or the motion of the seconds hand, although, in 

this very important respect, with this escapement arrangement, they are quite different. With regard 

to the essential point in hand, this is of no disadvantage, because the action of one in association with 

the action of the other is correct for the purpose, of which more below. 

 
7
 This very important matter is from the escape wheel acting (via my escapement) more weakly upon 

the pendulum during every one of its descents (from the extremity of the swing, where it is weakest of 

all), through the bottom (or middle) and then (still continuing) more and more strongly upon the 

pendulum during every one of its ascents. It will be strongest of all just before the interchange of the 

pallets, the interchange not being far from the extremity of each swing. During the small, additional 

‘overswing’ (‘or as it were overplus part’), recoiling of the escape wheel will be necessary, not only 

for the interchange of the pallets, but also, to some extent, with regard to the effect of a cycloid 

(although not entirely). The pendulum must also (from its combination of brass and steel wires) be 

rather shorter when warm that when cold, mathematically speaking. 

 

To develop this matter a little further, as I order it, if the force from the pallets (using the force from 

the escape wheel) upon the pendulum just before the interchange of the pallets is assumed to be 3, 

then just after their interchanging (and in the opposite direction) ‘it must but be about as 2’. It may 

be assumed that the purpose is met by arranging for the mean between the actions of each pallet to 

achieve this (as may later be observed from the drawing). Further to the purpose, during the small 

recoiling of the escape wheel it will become less and less towards the extremity of each swing, but 

any increase in the total amplitude at any time will increase the effectiveness of the force (from its 

quantity or duration, still during recoil) in the required measure. The composers will improve 

matters a little, still from, or with respect to, the duration (though always small) of the recoil. It 

should be understood that, if impulse was to be uniformly distributed throughout the entire swing of 

the pendulum, then the greater the impulse (with some recoiling of the escape wheel) the more it must 

tend to cause a greater amplitude to be performed sooner. That doesn’t apply to the situation 

described previously, but, for the purpose, must be thought about, or considered, in another way: the 

greater the force towards the end of the swing (compared to the force at the beginning and assuming 

no recoil), the slower the swing must be, or the longer the time it must take up in being performed. 

However, with proper recoiling and an artificial cycloid correctly adapted, that will not occur. This 

assumes large pendulum amplitude (essential to this and other purposes), maintained by a movement, 

in air (as it must be). Air resistance is not to be avoided, as some have foolishly imagined, being of 

great value, as will be shown. 

 

[Further text follows (not included herein)] 
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8
 Invalid principles, in assuming that the spring (as they call it), at the top of the pendulum, has no 

strength, with respect to bending or conforming to the cycloid, yet is still strong enough to suspend 

the pendulum. Furthermore, assumes that the pendulum should, or does, move all by itself in a 

vacuum. Consequently, with respect to a long pendulum with an arc of vibration no greater than 

fifteen degrees and drive from the escape wheel of a clock, it must do more harm than good, I say. 

However, Mr Huygens etc. don’t consider it this way at all, the mathematics or geometry only 

causing mischief; more of this later. 

 

 
9
 Strong proof indeed, of the distribution of force or drive from the escape wheel of my clock (of 

optimised proportions, partly from the number of teeth, corresponding to one revolution in four 

minutes). Chiefly and indispensably from those proportions, in combination with the arrangement of 

my pallets, the pendulum has no more irregularity in air than it would have if free and in a vacuum 

(was it possible to achieve, observe and assess such motion over a long period of time). Therefore, 

may I ask, if such a matter is not highly worthy of encouragement, what other sort of ingenuity or 

discovery in the world is (the sister to this, my longitude timekeeper, excepted)?    

 

[Further text is followed by:] 

 

…whereas, if proper steps be taken, or can be taken, in or for the adjusting of my next clock, there 

must be even more reason (and that, withal, as from experience in my other clock) that it shall 

perform to a second in a hundred days, yea I say, more reason than that Mr Graham’s should 

perform to a second in one. 

 

[Further text is followed by:] 

 

The ‘cycloid to the purpose’ must, to some extent, be a reverse of Mr Huygens’, in that it must 

occasion small vibrations of the pendulum that will cause the pallets to interchange sooner than they 

would without it. At the arc necessary for pallets interchange (or, rather, a little larger) the length of 

the pendulum (by virtue of adjustment) must beat seconds. When the arc goes beyond that, the 

pendulum must still beat seconds. From that, the continuation of the circular curvature of the cheeks 

(i.e. of this artificial cycloid) may be ascertained. However, I shan’t discuss how the radius of each 

cheek must suit the purpose, i.e. as a result of the action of the escapement. Cambridge or Oxford 

education won’t help with that, or with the action of the escapement (i.e. so as to precisely define 

them, assuming such things had been thought of). However, since each cheek, with regard to the 

property of the escapement explained previously, must be the arc of a circle (suitably formed, as 

required, starting with a larger radius than required in order to enable more accurate manufacture) 

they can be formed to a mathematical truth, whereas the other form (according to Mr Huygens) could 

not, if that was required.     

 

[Further text is followed by the footnote (numbering removed to avoid confusion):] 

 

There are four different things to adjust, two of which (the escapement composers of the pallets to 

relative rest and the corresponding curvature of the pendulum suspension cycloid cheeks) may be 

regarded as one, i.e. in their joint effects, although not quite. The remaining two adjustments relate to 

the pendulum temperature compensating gridiron wires (by their correct provision) and their 

redoubling, plus the pendulum rating nut. Since rectification of those things must relate to the 

adjustment of the clock (i.e. initially by the master workman) it will be quite impossible to perfect 

using celestial observations, or any other method, unless the foundations, or principles of the clock 

are in accordance with what I have shown and could further show. 
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[Further text is followed by:] 

 

‘And now, if the Royal Society please, I will shew them the Draught of the Clock which I have in 

great part made…’ and not only the drawing of the pallets, but also the pallets themselves, in order 

that they may see at least some reason for what I found from such a design of escapement; not only 

extraordinary attributes, but the things I’ve discussed already and others besides. The indispensable 

construction of the pallets (to do their duty as described earlier) is a consequence of a suitable 

extension to the periphery of the escape wheel and its number of teeth (i.e. for seconds beating, one 

revolution in four minutes). Otherwise, they could not do their duty with regard to their action upon 

the pendulum or (expressed another way) contribute to a precise mensuration of time. I’d say that the 

pallets must be by far the most important thing of all. 

 

■ [End of translated CSM extracts] 

 

MEAN TORQUE RATIO 
 

Assuming constant impulse forces along either pallet arm, if LZ and MZ are the entry pallet torque 

arms at the start and end of impulse respectively and FZ and GZ are the exit pallet torque arms at the 

start and end of impulse respectively: 

 

Torque arm ratio for the entry pallet t1 = LZ / MZ 

Torque arm ratio for the exit pallet t2 = FZ / GZ 

Mean torque ratio t = (t1 + t2) / 2 

 

Torque ratio is, therefore, a measure of the development of impulse during pallet nib capture.  

 

The previous CSM EXTRACTS section reveals how the remarkable claimed performance of 

Harrison’s regulator system (a mean of one second in a hundred days) relies upon the ingenious 

combination and optimization of numerous influences and contributors, e.g. large pendulum 

amplitude, significant (encouraged) circular deviation, circular profile pendulum suspension cheeks, 

recoil, air resistance, temperature (over)compensation, composer weighting, pendulum rating nut, 

remontoire delivery and escapement impulse characteristics. Harrison describes the last of those 

contributors, the escapement impulse characteristics (defined by mean torque arm and, of greatest 

relevance, mean torque ratio) as ‘This very important matter...’. Furthermore, his statement 

(translated) ‘I’d say that the pallets must be by far the most important thing of all.’ cannot possibly be 

misunderstood or ignored.  

 

In CSM Harrison writes (translated): ‘…as I order it, if the force from the pallets (using the force 

from the escape wheel) upon the pendulum just before the interchange of the pallets is assumed to be 

3, then just after their interchanging (and in the opposite direction) ‘it must but be about as 2’. It may 

be assumed that the purpose is met by arranging for the mean between the actions of each pallet to 

achieve this’. This represents ‘about as 2’ units of impulse at one extremity of pendulum motion, 

increasing smoothly to precisely 3 units of impulse near the opposite extremity of the same motion, 

expressed as the dimensionless mean torque ratio of ‘about as 2’ to 3 (or, more commonly, 2 to 3). 

 

Elsewhere in CSM Harrison states that the circular cheek radii and composer masses (along with the 

rating nut and the gridiron pendulum temperature overcompensation) can only be successfully 

optimised and/or adjusted if (translated)‘ the foundations, or principles of the clock are in accordance 

with what I have shown and could further show’ It has already been established, in an earlier part of 
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this section, that increasing impulse is an extremely important matter, leading to the inevitable 

conclusion that it must certainly be included within those ‘foundations or principles of the clock’. 

Unfortunately, the statement that Harrison could ‘further show’ how those foundations and principles 

could be made to accord with his requirements leaves on wondering what might have been omitted. 

The observations near the beginning of the CSM EXTRACTS section immediately come to mind. Of 

particular relevance to this section, suspicions must arise regarding Harrison’s vague condition ‘about 

as 2’. Harrison claimed a mean performance of one second in a hundred days for his final regulator 

(the R.A.S. Regulator), incorporating the principles within CSM. Bearing that precision in mind, the 

incongruous, imprecise stipulation ‘about as 2’ within the ‘foundations or principles of the clock’, 

relating to ‘the most important thing of all’ is, surely, cause for doubt that ‘about as 2’ was his final 

word in the matter. 

  

Increasing impulse during the escaping arc and (decreasing) impulse, circular arc pendulum 

suspension cheeks and composer weighting during the supplementary arc are significant contributors, 

possibly in widely varying measures, to the consistent behaviour of the pendulum. The translated 

CSM note 
7 

clearly describes the principles in detail. To summarise, the outcome is a constant 

pendulum period, irrespective of variations in the extent of recoil, other influences being as required. 

Should there be any doubts regarding the considerable importance of increasing impulse, they must, 

surely, now be dispelled by an understanding of their role in generating such remarkable behaviour 

 

It is regarded as potentially significant that Harrison failed to complete his final regulator. As 

Harrison reveals in CSM, by virtue of no convenient location in his house and, not least, incentive 

diminished by his treatment at the hands of the Board of Longitude, he didn’t install, setup or test 

what he refers to as his ‘next’ regulator (almost certainly what is now commonly referred to as the 

R.A.S. Regulator), to which his CSM performance stipulations and claim of 1 second in 100 days 

were uniquely related. It is, therefore, obvious that he had yet to optimize the performance and 

thereby verify his latest regulator system and performance claims. It is clear from CSM that the 

R.A.S. Regulator was a more advanced development of the Harrison system incorporated within 

some of his early wooden movement regulators, suggesting that some aspects would have 

necessitated fresh research and development. Indeed, in CSM, Harrison actually did confirm that 

further research would be necessary, in order to enable a ‘better completion’ of the R.A.S. Regulator. 

It is, therefore, almost certain that some devices within the regulator had yet to be perfected and it is 

perfectly possible that his latest grasshopper escapement geometry, with different impulse 

characteristics to his early single pivot grasshopper escapements, would have been involved in that 

process. It is, therefore, quite possible that Harrison’s mean torque ratio stipulation of ‘about as 2’ to 

3 was merely his first estimate and would have been subject to future revision. In short, the entire 

phrase ‘about as 2 to 3’ could, perhaps, be interpreted as meaning ‘estimated to be 2 to 3, until further 

research is concluded’. 

 

If nothing else, it must be remembered that the entire object of the exercise is to create working 

regulators achieving a mean performance of one second in a hundred days. To construct a single 

regulator with such performance is an entirely different prospect to the production of many. For the 

latter purpose, there are clear benefits to be gained from the determination of a standard, optimum 

configuration, thereby minimizing, although perhaps not entirely eliminating, the otherwise 

considerable task of best adjustment. 

 

Unfortunately, given the considerable difficulties and uncertainties involved, we may never know, for 

certain, what 'about as two' was intended to mean. Reduced to extremely simple terms, should it be 

less than two, or greater, or does it not matter? In view of that uncertainty and those described 
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previously, the only logical, sensible and safe course of action must be to adopt a mean torque ratio 

of precisely 2 to 3. Such a policy unavoidably incorporates a possible deviation from Harrison's 

intention, assuming he had one. However, should any ratio other than 2 to 3 be specified, that guess 

(for it would certainly be nothing other than a guess) might depart even further from any ideal. If 

Harrison had no specific intention, then the choice of precisely 2 to 3 is still perfectly valid. Please 

note that such an approach does not represent a ‘misreading’ of CSM; it represents a sensible, safe 

course of action (as opposed to no meaningful action whatsoever) in the face of uncertainties. 

 

In addition, in the absence of specific instructions from Harrison and lacking his experimental 

prowess, a sensible stipulation must be chosen if any worthwhile progress is to be expected. There 

comes a point (and after almost two and a half centuries, that point is now long gone) at which ‘about 

as’ must be discarded and ‘precisely’ substituted if meaningful analyses and working escapements in 

brass and wood are to be created. The only obvious choice for mean torque ratio at present is 

precisely 2 to 3. Should future, irrefutable evidence of an alternative, optimum ratio emerge, the 

universally applicable mathematical design tools described in PHSPGE will, as is clearly stated 

therein, enable the creation of a compliant, matched geometry.  

 

MEAN TORQUE RATIO - MATHEMATICAL (AND OTHER) ANALYSES 
 

It will be useful to describe two mathematical analyses, published in 1976 and 1997. 

 

■ (Analysis 1) - In ‘The Lost Science of John ‘Longitude Harrison’ (ISBN 0-903512-07-6, published 

in 1976), the late William Laycock derives an expression for escapement deviation. Without defining 

every parameter herein, the most relevant conclusion is: X/T = u/[(1+n)(r
2
-1) – 0.5xr

2
 (‘X’ being 

the excess of time, for one swing, caused by the escapement and ‘T’ the time of one swing). The 

precise details are unimportant for the immediate purpose, which is to point out that the torque ratio, 

to which ‘x’ is related, is of undoubted influence. ‘n’ represents the effect of composer weighting 

during the supplementary arc.  

At the end of his analysis, Mr Laycock attempts to determine a value of torque ratio for which 

escapement deviation is zero. He concludes that, instead of the impulse increasing by a factor of 1.5 

(his initial assumption being a torque ratio of precisely 2 to 3), it would be necessary for it to increase 

by a factor of 9.  

However, Mr Laycock’s conclusion is qualified at the end of the analysis, where he states that 

Harrison’s method was to retain some degree of gain in the escapement, which gave a partial 

correction for circular deviation, leaving the remainder to be corrected by suitable cheeks (cycloidal 

or circular) at the pendulum suspension spring. He then adds that he has included his own treatment 

to show that a solution may be possible without recourse to cheeks at all. 

As an aside, it should be noted that Mr Laycock (as far as can be determined from an admittedly 

damaged and incomplete copy of his book) stated that MS3972/3 includes the R.A.S. Regulator 

escapement, but seems to offer no irrefutable evidence. In addition, the 22.5 span escapement should 

have been fitted or available for inspection in the 1970’s and Mr Laycock (with Martin Burgess and 

Humphrey Quill) viewed the R.A.S. Regulator on 29
th

 October 1974, yet nowhere in his book does he 

describe any inspection of the escapement or a realisation that it markedly differed from every one of 

the MS3972/3 geometries.  

 

■ (Analysis 2) - In ‘Harrison’s Weighted Escapement Torque’ (Horological Journal, June 1997, 

p196-197), Philip Woodward also considers escapement deviation and derives the following 

conclusion:  
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G = 1/(2Q)[(r
2
-1) – (r

2
/4).(me/c)]. As before, the precise details are unimportant for the immediate 

purpose, except to say that G is the gain, in seconds per second and me/c is related to the torque ratio. 

Mr Woodward also conducts his analysis on the basis of a mean torque ratio of precisely 2 to 3. 

Again, attempting to achieve G = 0 creates difficulties, in that the necessary ratio of working 

amplitude to escaping amplitude (‘r’) is either far too low or excessively high. 

There follows an examination of variations in escapement deviation due to changes in the driving 

force from the clock. It is concluded that an attempt to achieve zero variation in escapement deviation 

demands a very high ratio of working amplitude to escaping amplitude. A reconsideration of the 

previous scenario leads to a conclusion that the abolition of escapement deviation, even if it were 

practicable, would render the clock more sensitive to any amplitude changes caused by the 

escapement. 

The effect of changes in air density upon pendulum damping is then considered, leading to a 

conclusion that torque ratio has no effect. 

Two final suggestions are that the torque ratio was intended to alleviate the effect of any non-

cyclic variation in torque from the remontoire.  

 

A useful conclusion arises from the two analyses: escapement deviation should not be considered in 

isolation. The CSM extracts and comments provided herein offer sufficient evidence to indicate that, 

considered in isolation, zero escapement deviation, or zero variation in escapement deviation with 

amplitude, is not what Harrison intended. His more certain objective was to achieve the same period 

as a free pendulum in a vacuum by manipulating and combining relevant deviations and corrections, 

as explained in a previous section.  

 

Other Harrison followers have also offered analyses, albeit not entirely, if at all, mathematical in 

nature. Mr Peter Hastings is one such contributor, who currently appears to favour the geometry of 

the Harrison illustration MS3972/3 (discussed in a later section), an E.T.Cottingham drawing (also 

discussed later) and has published descriptions and geometries generating ratios of precisely 2 to 3 or 

precisely 3 to 2. Many grasshopper escapement geometries published by other authors have 

incorporated virtually constant impulse, mean torque ratios far removed from 2 to 3 or escape wheels 

inappropriate to a seconds beating pendulum and/or with tooth counts other than 120. Those 

escapements therefore fail to comply with the Harrison regulator system defined by CSM. In passing, 

this raises the important point that Harrison’s grasshopper escapement, even if correctly formed in 

accordance with his stipulations, is handicapped when isolated from his other devices, some of which 

are essential partners, as explained in earlier sections.   

 

MEAN TORQUE RATIO - THE CURRENT R.A.S. REGULATOR 
 

HMT presented clear evidence that the current R.A.S. Regulator escapement fitment is not as 

Harrison intended. At the very least, the mean number of tooth spaces spanned (22.5) and the pallet 

arm active lengths are inappropriate. As explained under ‘HARRISON’S ILLUSTRATION, 

MS3972/3’ (see next section), some or all of the escapement components may not be by Harrison, or 

be as he intended.  

 

MEAN TORQUE RATIO - HARRISON’S ILLUSTRATION, MS3972/3 
 

MS3972/3 is a catalogue reference to a John Harrison drawing, currently in the possession of the 

Worshipful Company of Clockmakers, England. Discovered amongst Harrison’s possessions after his 

death in 1776, it is an untitled, sparsely annotated, enigmatic and arguably ambiguous layout of four 

grasshopper escapement geometries, sharing a single escape wheel of one hundred and twenty teeth. 
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This section will discuss the credentials of MS3972/3 as a possible representation of Harrison’s 

intentions for the delivery of impulse. 

 

An HMT conclusion was that, of the four MS3972/3 geometries, the illustration spanning 17.5 tooth 

spaces was most compatible with Harrison’s final regulator (the ‘R.A.S. Regulator’). With that in 

mind, if only for ease of reference, ‘MS3972/3’ should henceforth be assumed to refer only to the 

geometry spanning 17.5 tooth spaces. 

 

The original MS3972/3 illustration is almost certainly 

to a scale of one-to-one, which would be a poor choice 

for the perfection of a geometry markedly intolerant of 

inaccuracies. Figure 1 (2.65” wide, 1.75” high) is an 

especially revealing demonstration of the actual size of 

the 17.5 tooth spaces spanned part of the illustration, 

which is, nevertheless, a complete geometry, with the 

exception of the escape wheel axis. It is difficult to 

imagine that Harrison would have produced anything 

of such a small size with the intention of creating an 

accurate geometry. Given eighteenth century methods 

(bereft of CAD software or ‘zooming in’ to fill a 

computer screen), it seems inconceivable that, at such a scale, he would have consciously measured 

the four torque arm circles, calculated the mean torque arm and mean torque ratio and attempted to 

adjust the geometry until it met with his requirements. It can only be concluded that such a proposal 

is unrealistic, most especially considering Harrison’s undoubted technical wisdom. He would, surely, 

have accurately drawn his geometrical construction to a much larger scale than Figure 1, performed 

any necessary adjustments until his desired geometry had been created, measured the derived 

dimensions and then reduced them arithmetically to a scale of one-to-one, in an effort to minimise 

adjustment, drawing and measurement errors and achieve precise matching (correct functioning). 

Harrison’s MS3972/3 layout appears to incorporate flaws that may well prevent correct operation, 

although available copies of the drawing all appear to suffer non-linear distortions, rendering analysis 

and absolutely certain confirmation difficult.  

 

Was the drawing merely an aide-mémoir? Alternatively, CSM refers to an escapement illustration, 

which Harrison originally stated would be included with the manuscript. Unfortunately, he 

subsequently withdrew that intention, as a stated response to his poor treatment by The Board of 

Longitude, but it is possible (likely?) that MS3972/3 is the mentioned illustration. The size and the 

inclusion of four layouts, with evidence of emphasis upon the sequence of construction, strongly 

suggest such a purpose. Until further evidence or revelations emerge, should we currently base our 

entire interpretation of Harrison’s escapement impulse intentions on what was probably intended as 

an illustration, which would fit, with ease, onto a playing card? 

  

Worryingly, there are further uncertainties. The regulator discovered amongst Harrison’s possessions 

after his death in 1776 is reported as being incomplete, with a poor record of the precise state. 

Unfortunately, there appears to be no positive confirmation of an escapement being present. It is clear 

(by virtue of its current existence) that MS3972/3 would have been available and that, for part of its 

life beyond 1776, it would probably have been in the possession of the owner of the regulator (John’s 

son, William Harrison or later descendents). It is, therefore, quite possible that the first escapement 

ever fitted to the R.A.S. Regulator was made by someone other than John Harrison and that, since 

they might well have lacked sufficient familiarity with the grasshopper escapement or CSM, they 



NAWCC Chapter 161 Horological Science Newsletter 2011-3 www.hsn161.com 

 15 

might have referred to perhaps the most obvious ‘easy’ guide: MS3972/3.  

 

It is, therefore, quite possible that the escapement drawn by and almost certainly in the possession of 

a later restorer (E.T.Cottingham, in 1909) was not by Harrison, but was instead based upon 

measurements from a lone drawing, intended as a mere illustration for a manuscript and executed to 

an extremely poor size for accurate drawing, adjustment and measurement, at some point during the 

preceding 133 years. It may have been that John’s son, William, installed (or employed someone to 

install) the escapement. There are also reports, for example, of professional R.A.S. Regulator work 

circa 1856, at which time the regulator must have incorporated or then been newly fitted with an 

escapement, since it is reported to have been operational. In either instance, MS3972/3 could have 

been used as the sole guide to the escapement geometry. Those possibilities could be entirely 

responsible for agreements between MS3972/3 for 17.5 tooth spaces spanned and Cottingham’s 

drawing. 

 

As an aside, HMT was conducted in accordance with the CSM compliance stipulations clearly 

defined near the beginning of the analysis (and repeated and examined in greater detail herein). 

Subject to those stipulations, a subsequent HMT conclusion was that MS3972/3 was not CSM 

compliant. The validity of that conclusion, based upon the stated stipulations, is inarguable. 

Measurements from copies of MS3972/3 (all incorporating non-linear distortions) suggest a mean 

torque arm ratio of 0.6837 (4 dp), as recorded in PHSPGE. This is a deviation from the 0.666’ 

(precisely 2 to 3) of CSM17.5 (described in HMT) and shares similarities with DEV17.5 (also 

described in HMT and non compliant by design). Although Harrison’s original qualifications ‘about 

as’ and ‘about in proportion as’ (relating to mean torque ratio and mean torque arm respectively) are 

far too vague to be of any significant analytical value, their incorporation within the HMT 

stipulations, as ‘ball park’ figures, would obviously provide more than sufficient latitude for 

MS3972/3 to then be categorised by as ‘CSM compliant’, should that be convenient.  

 

Unless considerably more supportive evidence comes to light, it is obvious that MS3972/3 would not 

be the most reliable or sensible basis for the stipulation of mean torque arm and mean torque ratio. 

Nevertheless, the mathematical design tool provided in PHSPGE will create a matched (i.e. 

functioning) refinement of the MS3972/3 geometry, should that be required for some reason 

 

CSM was published in 1775. From where this observer stands in 2011, the path ahead is clear: Unless 

we, as mere mortals attempting to master Harrison’s remarkable science, treat ‘playing card’ sized 

illustrations with the caution they deserve and abandon ‘about as’ and ‘ball park’ stipulations, our 

efforts over the next two hundred and thirty six years are in grave danger of maintaining, at best, the 

same rate of progress as the previous two hundred and thirty six. 

 

PRACTICAL RESEARCH METHODS 
  

Harrison’s early wooden movement regulators were optimised and tested using practical methods. 

Essential to that approach was the adjustment of two separate regulators, identical in terms of 

compensation devices. Each was installed in a separate room, positioned such that the pendulums of 

both could be simultaneously observed from the connecting hallway, enabling accurate comparison. 

Except during those observation events, the door of either room could be closed and the temperature 

increased, leaving the other at normal room temperature. One regulator was left unaltered, whilst the 

other, in the heated room, was adjusted. By that means various influences (e.g. barometric error) were 

isolated and the effects and progress of adjustment identified. Having achieved best adjustment of 

one regulator, the roles were exchanged and only the previously unaltered regulator was adjusted. 
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Repetitions of that sequence, if required, would have achieved exceptionally refined adjustment and 

optimum performance. 

 

Such an approach could be employed in the optimisation of a version of Harrison’s final regulator 

(the ‘R.A.S. Regulator’, to which CSM most completely applies), or, to be more correct, two 

regulators. Note that there would be absolutely no requirement for both regulators to share the same 

appearance, materials or method of construction, or for either to adopt the exact appearance, materials 

and method of construction of Harrison’s original regulator. Such factors are entirely irrelevant 

(assuming sensible restraint). Conclusions to the contrary reveal an appallingly poor understanding 

(misreading?) of CSM and of Harrison’s science. The essential equalities need only be in the 

behaviour of those features responsible for timekeeping performance (e.g. low friction train, spring 

remontoire to the escape arbor, grasshopper escapement impulse delivery, spring pendulum 

suspension, circular arc pendulum suspension cheeks, gridiron temperature (over)compensating 

pendulum, large pendulum amplitude, composer weightings).  

 

The difficulties of the practical approach and the expenditure of time and effort must, surely, be 

considerable. Whether mathematical analysis might achieve an earlier, more precise or more 

thorough understanding of Harrison’s science is an intriguing question. Another advantage of 

mathematical analysis, when adequately explained, is that it may quickly and easily be verified. A 

significant problem associated with the practical approach would be the certain confirmation of 

claimed results.  

 

SYMMETRICAL ENTRY VS. EXIT TORQUE RATIO 
 

Harrison’s single pivot grasshopper delivers asymmetrical impulse; for realistic geometries, the entry 

torque ratio is always greater than the exit. There are straightforward ways of modifying the 

difference, using the mathematical design tool in PHSPGE, although the mean torque ratio will be 

altered in the process. Harrison is obviously content with the situation, as note 
6
 of the translated 

CSM extract herein indicates.  

 

It is interesting that Harrison’s twin pivot arrangement may be induced to deliver perfectly 

symmetrical entry vs. exit impulse (i.e. for example, entry and exit geometries each delivering a 

torque ratio of precisely 2 to 3). Why did Harrison not incorporate that configuration? Are there, 

perhaps, practical advantages, if nothing else, in terms of optimization? As an alternative line of 

enquiry, what disadvantage(s) could possibly arise from the incorporation of the twin pivot 

configuration with perfectly symmetrical entry vs. exit impulse? 
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